MicroRNAs (miRNAs) are small non-coding RNA molecules that play an important role in the regulation of gene expression related to inflammatory responses. Human adipose stem cells are characterized by pluripotent differentiation potential and isolated from adipose tissues. These cells regulate inflammation mainly by interacting with immune cells and affecting the secretion of immune factors; details of this interaction are currently unknown. In the current study, we successfully established an acute inflammation model and a chronic inflammation model involving adipose stem cells. We used high-throughput miRNA microarray analysis to identify miRNAs that were significantly (p < 0.05) differentially expressed during both acute and chronic inflammation. Lipopolysaccharide (LPS) significantly (p < 0.05) reduced the expression of miR-223-3P and miR-2909, while promoting the production of pro-inflammatory cytokines, interleukin (IL) 6, IL-1β, and tumor necrosis factor (TNF)-α via the Toll-like receptor (TLR) 4/TLR2/nuclear factor (NF)-κB/signal transducer and activator of transcription (STAT) 3 signaling pathway in human adipose stem cells. Further, miR-223-3P expression was significantly (p < 0.05) reduced in human adipose stem cells during activation by IL-6 stimulation. The inducible down-regulation of miR-223-3P resulted in the activation of STAT3, which was directly targeted by miR-223-3P. STAT3 directly targeted TLR4 and TLR2, promoting the production of the pro-inflammatory cytokine, IL-6, and formed a positive feedback loop to regulate IL-6 levels. Similarly, TNF-α significantly (p < 0.05) increased the expression of miR-223-3p, with LPS and TLR4/TLR2/NF-κB/STAT3 forming a negative feedback loop to regulate TNF-α levels. In addition, miR-2909, which depends on NF-κB, targeted Krueppel-like factor (KLF) 4 to regulate the levels of pro-inflammatory cytokines, IL-6, IL-1β, and TNF-α. We conclude that miR-223-3p and miR-2909 form a complex regulatory network with pro-inflammatory factors and signaling pathways in adipose stem cells stimulated by LPS. These findings will inform the development of therapies against autoimmune and inflammatory diseases. 
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Introduction
Human mesenchymal stem cells (hMSCs) repair tissues and modulate the immune system. Adipose stem cells are a type of MSCs. It has been demonstrated that hMSCs down-regulate the activity of the nuclear factor (NF) κB signaling pathway by up-regulating the expression of phagocytosis-related molecules in macrophages and down-regulating tumor necrosis factor (TNF)-α to reduce inflammation [1] . Macrophages co-cultured with MSCs produce a large amount of the anti-inflammatory cytokine, interleukin (IL) 10, and produce more IL-6 and less TNF-α than macrophages alone [2] . MSCs also interact with other cells [3] . Although a large number of studies have confirmed that MSCs can regulate the proliferation, functional status, and phenotype transformation of various immune cells in vitro and in vivo, the potential immunosuppressive mechanism of MSCs is not fully understood.
Toll-like receptor(TLR)4 recognizes and binds lipopolysaccharide (LPS) to trigger a signaling cascade via MyD88-dependent and/or MyD88-independent pathways, resulting in the activation of mitogen-activated protein kinase (MAPK) and NF-κB, and ultimately leading to the production of pro-inflammatory cytokines. NF-κB is a ubiquitous inducible transcription factor, which stimulates the expression of genes, particularly those that promote immune and inflammatory responses. TLR-mediated signaling is dependent on the activation of NF-κB to activate the expression of IL-6 and TNF-α [4] . NF-κB likely controls the expression of inflammation-related genes, IL6 and TNFA [5] . TLR4 itself can also stimulate the production of cytokines. Inhibition of TLR4 signaling or interference with TLR4 via TLR4-neutralizing antibodies can lead to a reduction of cellular inflammatory factor production [6] . Similarly, upon TLR4 activation by its natural ligand (such as LPS), MSCs undergo a pro-inflammatory transition, with a reduced ability to suppress the immune response [7] . In addition to the effects in MSCs, the effects of TLR4 signaling in other cells have been described [8] [9] [10] [11] .
In addition to studying LPS, TLR4, TLR2, and their relationship with inflammatory factors, the relationship between TLR4/TLR2 signaling pathways and inflammatory factors is of interest. For example, it has been reported that resveratrol may exert neuroprotective effects via the TLR4/NF-κB/signal transducer and activator of transcription (STAT) signaling cascade. [12] . Further, argon protects against IL-8 inhibition effect by the TLR2/TLR4/STAT3/NF-κB pathway in a neuroblastoma cell apoptosis model [13] . Furthermore, it has been shown that TLR2-dependent NF-κB signaling induces the secretion of pro-inflammatory cytokines TNF-α, IL-1β, and IL-6 by monocytes-macrophages [14] . In the LPS-induced acute lung injury model, the activation of TLR2/NF-κB (phosphorylation of the NF-κB subunit p65) promotes the secretion of TNF-α, IL-6, and IL-1β [15, 16] . LPS stimulates TLR2 expression and protein kinase B (AKT) phosphorylation in ARPE cells to further activate the NF-κB signaling pathway, thereby increasing IL-6 expression [17] . Increased expression of TLR2 and NF-κB genes, and secretion of TNF-α, IL-1β, and IL-6 by human PBMCs stimulated by LPS has been reported [18] .
The relationship between signaling cascades and inflammatory factors has indeed been investigated. Exploring the relationship between miRNAs and signal transduction factors in signaling cascades and downstream inflammatory factors is a natural next stage of enquiry. miRNAs are non-coding RNA molecules (18-25-nt long) that regulate gene expression at post-transcriptional level. An miRNA molecule recognizes the target mRNA by interacting with a 5 0 -seed sequence of an miRNA regulatory element in the 3 0 untranslated region (UTR) of the target mRNA. It has been suggested that miRNAs regulate TLR signaling primarily through three different mechanisms: (1) by directly targeting components of the TLR signaling system; (2) by being directly regulated by TLR signaling; and (3) by directly activating RNAsensing TLRs. It has been shown that miR-223 negatively regulates the expression of STAT3 in For the chronic inflammation model, 1000 adipose stem cells were transferred to 6-well plates and divided into eight groups (four experimental groups + four control groups). After 24 h of culturing, the four experimental groups cells were stimulated with LPS (1 μg/mL and 100 μL/well),the four control groups were incubated with 100 μL/well of the complete medium (without LPS). After 5-d stimulation, one of the four experimental groups was selected as the first experimental group, and the supernatant was collected for the first experimental group ELISA analysis. In addition, the pellet was collected for qPCR analysis and protein determination for the first experimental group, one of the four control groups was selected as the first control group, and the supernatant was collected for the first control group ELISA analysis. In addition, the pellet was collected for qPCR analysis and protein determination for the first control group. The medium was discarded, and 10 μL of CCK8 reagent and 100 μL of medium were added to each well for cell proliferation activity of the first experimental group and the first control group; at this point, the samples for the first experimental group and the first control group had been used up. For the other three experimental groups and three control groups, half of the supernatant was collected, centrifuged, and the cells processed further, and the withdrawn volume was replaced with fresh medium. After 1-d culture, second LPS-stimulation was performed [the medium was aspirated, half of LPS (1 μg/mL, 100 μL/well) was added to the fresh medium, and then half of the previously collected medium was added]to the rest of three experimental groups. The rest of three control groups were incubated with 100 μL/well of the complete medium(without LPS). After additional 5 d, one of the three experimental groups was selected as the second experimental group, one of the three control groups was selected as the second control group and then half of the supernatant was collected for ELISA analysis for the second experimental group and control group; the pellet was collected for the second experimental group and control group qPCR analysis and protein determination. Next, 10 μL of CCK8 reagent and 100 μL of medium were added to each well for cell proliferation activity of the second experimental group and control group; at this point, the samples for the second experimental group and control group had been used up. Treat the remaining two experimental groups and two control groups in this manner, the adipose stem cells were subjected to LPS treatment four times. There was no difference in the processing of the four experimental groups, mainly except the accumulation of inflammatory factors over time, as the supernatant (half) collected during each operation was replaced during the last operation. One set of the collected cell pellets was treated every week; eight supernatant samples and eight cell pellets were collected in the course of the experiment. The medium volume at any given time was 100 μL/well. The model was established in three replicate wells. The culture supernatant from the treatment and control wells was transferred to a 1.5-mL centrifuge tube and centrifuged at 4˚C for 10 min (3000 rpm). The supernatant was collected and stored at -20˚C for ELISA analysis. A portion of the cell pellet was immediately used for RNA extraction, reverse-transcribed into cDNA, and stored at -20˚C for real-time quantitative PCR (qPCR). Another portion of the pellet was used for protein determination. The sample was denatured at 100˚C for 10 min and stored at -20˚C before western blotting. dx.doi. org/10.17504/protocols.io.vzhe736.Detailed experimental protocols are provided in the supporting information.
Cell transfection
A 0.5-mL cell suspension containing 2 × 10 5 cells was inoculated into each well of a 24-well plate and incubated overnight under 5% CO 2 incubator at 37˚C. The following were used to transfect human adipose stem cells using Lipofectamine 2000 reagent, according to the manufacturer's instructions: h-miR-223-3p mimic (5 0 -UGUCAGUUUGUCAAAUACCCCA-3 0 ), hmiR-223-3p inhibitor (5 0 -UGGGGUAUUUGACAAACUGACA-3 0 ), h-miR-223-3p mimic normal control (NC) and h-miR-223-3p inhibitor NC, h-miR-2909 mimic (5 0 -GUUAGGGCCAAC AUCUCUUGG-3 0 ), h-miR-2909 inhibitor (5 0 -CCAAGAGAUGUUGGCCCUAAC-3 0 ), h-miR-2909 mimic NC and h-miR-2909 inhibitor NC, si-h-IL-6 (5 0 -GCCACTCACCTCTTCAGAA-
, si-h-TNF-αNC, and virus-infected STAT3 overexpression plasmids.
Detection of cell proliferation activity
The cell concentration was adjusted to 1 × 10 5 /mL. The cell suspension used to inoculate 96-well plates at 100 μL/well per well, with three replicate wells per treatment. After cell attachment, the medium was discarded, and the effect of CCK8 reagent on the proliferation of adipose stem cells was measured using the CCK8 kit. For the acute inflammation model, the adipose stem cells were incubated with three concentrations of LPS (1 μg/mL, 10 μg/mL, and 100 μg/mL). After 2, 6, and 12 h of treatment, the medium was discarded, and 10 μL of CCK8 reagent and 100 μL of medium were added to each well. After 2 h, sample absorbance was measured at 450 nm using a microplate reader. The cell growth curve was plotted with time as the x-coordinate and cell growth as the y-coordinate. For the chronic inflammation model, four groups of adipose stem cells were treated with 1 μg/mL LPS, intermittently over the course of 4 weeks. After each week, the medium in one cell group was discarded, and CCK8 assay was performed as above. The effect of LPS on cell viability (%) was calculated as follows: (experimental well OD value-blank well OD value)/(control well OD value-blank well OD value). The blank wells contained the medium and CCK8 reagent; the control wells contained the cells, medium, and CCK8 reagent; the experimental wells contained the LPS, cells, medium, and CCK8 reagent.
Detection of cytokine production
The frozen culture supernatants and ELISA kits (for the detection of IL-6, IL-1β, TNF-α, reactivity: human; detection range: 7.81-500 pg/mL; sensitivity: 4.69 pg/mL) were equilibrated to ambient temperature for approximately 30 min. Next, the blank (without adding anything) and standard wells were set. The standard solutions (IL-6, TNF-α, and IL-1β diluted to concentrations of 400, 200, 100, 50, 25, 12.504, 6.248, and 0 pg/mL) were added into the standard wells at 50 μL/well. For the sample wells, concentrations of IL-6 and TNF-α diluted 10 times were added; that is, 10 μL supernatant + 40 μL diluted sample. Next, 50 μL of HRP-labeled anti-human IL-6 (or TNF-α or IL-1β) antibody was added into each well, except the blank well. Thereafter, the plate was covered and incubated for 60 min in a 37˚C water bath. Next, the reaction plate was removed from the water bath, the solutions were removed from each well, and then the plate was gently stricken against an absorbent paper until it was dry. Thereafter, the washing solution was added into each well, and the wells were allowed to stand for 1 min at room temperature, after which the plate was gently stricken against an absorbent paper until it was dry; the washing step was repeated 5 times. Next, 50 μL each of substrates A and B was added into all wells, and then the wells were incubated in the dark for 15 min at 37˚C. Thereafter, 50 μL of the stop solution was added into the wells to terminate the reaction, and the OD value at 450 nm was measured by a multi-function microplate reader within 10 min. The experiment was performed in triplicate.TNF-α, IL-1β, and IL-6 levels were calculated using a standard curve, as per the manufacturer's instructions.
RNA isolation and qPCR
Primers were synthesized by Guangzhou Tianyi Huiyuan Gene Technology Co., Ltd., and primer sequences are shown in Table 2 . Total RNA was extracted from the inflammatory model cells (treatment group) and untreated cells (control group) according to the manufacturer's instructions using a Trizol kit, and reverse-transcribed into cDNA. The reverse-transcription reaction using a HiScript Reverse Transcriptase (RNase H) kit proceeded by incubating the samples at 25˚C for 5 min, 50˚C for 15 min, 85˚C for 5 min, and finally at 4˚C for 10 min. The cDNA was diluted 1-fold for real-time PCR (QuantStudio 6). The qPCR conditions were as follows: 50˚C for 2 min, 95˚C for 10 min; and 40 cycles of 95˚C for 30 s, and 60˚C for 30 s. The dissolution curve was plotted and the relative expression of IL-6, TNF-α, IL-1β, TLR2, TLR4, STAT3, NF-κB, and KLF4 was normalized to β-actin gene expression using the 2-ΔΔCt method. The relative levels of miR-223-3P, miR-2909, miR-126-3p, miR-126-5p, miR-96-5p, miR-141-3p, miR-133a-3p, and miR-150-3p were normalized to the level of U6. The data were analyzed using the 2-ΔΔCt method. 
Name
Primer sequence (5'-3') miRNAs in LPS-mediated inflammation in adipose stem cells
Immunoblotting
Total protein was extracted from cell pellets using RIPA total protein lysate buffer, and protein concentration was determined using the BCA protein concentration assay kit. The amount of sample analyzed was adjusted based on protein concentration to ensure that 40 μg total protein was loaded per well of a sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel. An appropriate amount of 5× protein loading buffer was added to the samples, and the samples were boiled at 100˚C for 5 min. The samples were resolved by SDS-PAGE and the proteins were then transferred to a polyvinylidene fluoride membrane. After blocking in TBST buffer containing 5% skim milk, the membrane was incubated with anti-TLR2, anti-TLR4, anti-STAT3, anti-pSTAT3, anti-NF-κB, anti-pNF-κB, anti-KLF4, and anti-β-actin antibodies, overnight at 4˚C. The membrane was washed with TBST three times (5 min each) and subsequently incubated with horseradish peroxidase-labeled secondary antibody for 30 min at 37˚C. The signal was developed in the darkroom in the presence of the ECL reagent. Protein band intensity analysis was performed using β-actin as an internal reference.
miRNA microarray and data analysis
High-throughput miRNA sequencing was performed by Shanghai Lie Bing Information Technology Co., Ltd. as follows; first, the purified total RNA was ligated with the 5 0 base group and the 3 0 base group of the two libraries by RNA ligase, reverse-transcribed into cDNA, and then amplified by PCR. The cDNA sequence was constructed, and the miRNA library was constructed. The quality of the constructed library was checked. The 140-160-bp PCR products were recovered by PAGE to purify the enriched library. The purified miRNA library was amplified and enriched again, and single-ended sequencing was performed using Ion Proton.
The sequencing data were processed. Sequence data were discarded if: (1) a sequence with the base information ratio >10% could not be determined; (2) the sequencing quality was low; 3) the sequence lacked the insert; 4) none sequence of 5 0 -linker or 3 0 -linker sequence; (5) the sequence contained polyA stretch; or (6) the sequence was smaller than 18 nt. The selected sequences were compared with the miRBase database(http://www.mirbase.org/) and the Rfam database (http://rfam.xfam.org/) to remove tRNA, snRNA, snoRNA, rRNA, and piRNA; the degraded exon or intron fragments were filtered out; and the miRNA sequences were screened and classified. Significantly different miRNA sequences were screened using the EBSeq algorithm. The screening conditions were: log 2 FC > 1 or <-1, FDR < 0.05. FC, mean (model group/control group), FDR, false discovery rate; FDR < 0.05 means that the difference was statistically significant.
Target gene prediction, gene ontology (GO) enrichment, and pathway analysis
Target mRNAs of differentially expressed miRNAs were predicted using 12 predictive databases (miRWalk, Microt4, miRanda, mirbridge, miRDB, miRMap, miRNAMap, Pictar2, PITA, RNA22, RNAhybrid, and Targetscan). To predict the function, target mRNAs whose prediction was supported by nine databases were used for gene annotation (GO analysis) and information enrichment. GO analysis was performed using the Integration Discovery (DAVID) software, version 6.7 (http://david.abcC.ncifcrf.gov) to identify biological processes, cellular components, and molecular functions. Simultaneously, pathway analysis was performed on the basis of pathways generated by the Kyoto Encyclopedia of Genes and Genomes (http://www.genome.jp/kegg/) to predict the possible signaling pathways of the selected miRNA targeted genes.
Prediction of target gene binding sites
After overlapping with TargetScan, CLIP-Seq, miRDB, and miRanda, miR-223-3p was found to bind to the 3 0 UTR of STAT3 mRNA and IL6 mRNA [19] [20] 28] , and miR-2909 was found to bind to the 3 0 UTR of KLF4 mRNA [27] . Analysis using the bioinformatics database JASPAR (default threshold score of 85.0), revealed seven potential TLR4 gene promoter binding sites in the coding region of the STAT3 gene and four potential TLR2 gene promoter binding sites. It is highly probable that STAT3 regulates the expression of TLR4 and TLR2 genes. In other tissues, it has been documented that miR-223-3p targets STAT3 [20,28-] and IL6 [19] and that miR-2909 targets KLF4 [27] . The available data indicate that miRNA function is highly tissuedependent and that defined biological target genes or functions of an miRNA in a particular tissue cannot serve as a universal target/function prediction for the miRNAs in all types of cells and tissues [29] . According to the miRNA target gene database (TarBasev. 5c), screening, and related literature search, the relationship between STAT3, IL6, and miR-223-3p, and miR-2909 and KLF4, STAT3, TLR4, and TLR2 in adipose stem cells has not been determined.
Dual luciferase assay
The wild-type human STAT3 3 0 UTR was constructed by amplifying the 3 0 UTR of human STAT3 gene, and cloning it into the pMIR-TM reporter luciferase vector [20, 28] . The wildtype human IL6 3 0 UTR was constructed by amplifying the 3 0 UTR of human IL6 and cloning it into a dual luciferase vector (psi-CHECK2) downstream of the Renilla luciferase open reading frame [19] . The wild-type human KLF4 3 0 UTR was constructed by amplifying the KLF4 3 0 UTR and cloning it into the pMIR green fluorescent protein reporter vector [27] . All 3 0 UTRbinding sites were mutated using a site-directed mutagenesis kit and sequenced. The coding sequence of the STAT3 gene was inserted into the pLVX-IRES-Puro vector; the TLR4 gene promoter sequence and TLR2 gene promoter sequence were inserted into PGL3 vectors. A construct harboring a mutation in the binding site was also generated, and used as a control. The designed miRNA mimic, control, or promoter sequence was then used to co-transfect human adipose stem cells together with the corresponding plasmid. After 24 h, the luciferase activity was determined using a dual luciferase reporter assay system (Promega) according to the manufacturer's instructions. The transfection combinations of the plasmids are shown in Table 3 below.
Statistical analysis
Each experiment was repeated three times. The data were analyzed using Graph-Pad Prism version 7 (Graph-Pad Prism, Software, CA, USA). The data are expressed as the mean ± standard deviation (SD). The data from multiple groups were analyzed by one-way ANOVA. The t-test was used to compare the data between two groups. The value of p < 0.05 was considered to indicate statistical significance.
Results
Adipose stem cells stimulated with 1 μg/mL LPS for 6 h are the optimal acute inflammation model For this model, human adipose stem cells were incubated with different concentration of LPS for different periods of time. At the same LPS concentration, cell viability decreased with prolonged stimulation time. For 2-6-h incubation, cell viability declined in the order of 1 μg/ mL > 10 μg/mL > 100 μg/mL; for 6-12-h incubation, cell viability declined in the order of 1 μg/mL > 100 μg/mL > 10 μg/mL (Fig 1A) . Upon stimulation by 1 μg/mL LPS for 6 h, the IL-6 and TNF-α levels in the model group were the highest and statistically significantly different from those in the untreated control group (Fig 1B and 1C) . However, the IL-1β levels were the highest upon stimulation by 100 μg/mL LPS for 6 h (Fig 1D) . The TNF-α levels were slightly lower than IL-6 levels. On the other hand, the IL-1β levels were significantly lower than IL-6 and TNF-α levels IL-6 expression (mRNA levels or protein levels) at any LPS stimulation time-point increased with the increasing LPS concentration. The expression increased with the stimulation time but reached a maximum at 6 h (Fig 1E) . In the case of TNF-α, for the same LPS stimulation time, the expression did not differ for each LPS concentration used after 2 h; it was highest after 6 h, and then decreased. The highest expression of TNF-α was induced by stimulation with 1 μg/mL LPS, and decreased with increasing LPS concentration (Fig 1F) . For IL-1β, for the same LPS stimulation time, the expression increased with an increasing LPS concentration after 2 h; it was highest after 6 h, and then decreased. IL-β1 expression was highest after induction with 1 μg/mL LPS, and decreased with increasing LPS concentration (Fig 1G) . For IL-1β, the time at which the highest mRNA levels were observed was different from the time at which the highest protein levels were observed, which may be associated with transcriptional delay. The change in IL-1β expression was smaller than that of IL-6 and TNF-α.
For TLR2 and TLR4, the overall trend of expression change was consistent. After the same LPS stimulation time, the expression level correlated with different LPS concentrations did not change much after 2 h, was highest after 6 h, and remained constant or decreased. The expression was highest after stimulation with 1 μg/mL LPS, and as the concentration increased, the 
expression decreased overall (Fig 1H and 1I) . However, the overall change in TLR2 expression was lower than that of TLR4 expression. Western blotting and qPCR data for TLR4 were consistent ( Fig 1J) . Therefore, 6-h stimulation of adipose stem cells with 1 μg/mL LPS was considered to be the optimal acute inflammation model. 
Establishment of a chronic inflammation model by intermittent stimulation of adipose stem cells with 1 μg/mL LPS for 4 weeks
In the chronic inflammation model, four groups of cells were treated intermittently with 1 μg/ mL LPS, and every week, one of the four groups was selected, the supernatant was collected for ELISA analysis, and the pellet was collected for qPCR analysis and protein determination. This approach revealed that the growth in the model groups was lower than that in the control group (Fig 2A) . The activity gap was the smallest in the fourth week of intermittent stimulation. The levels of IL-6, TNF-α, and IL-1β in LPS-treated cells were higher than those in untreated cells. With increasing time, the IL-6, TNF-α, and IL-1β levels in culture supernatant gradually increased (Fig 2B-2D) . The difference with the untreated control group was statistically significant for all cytokines and all times. Four control groups were compared with each other. The levels of inflammatory factors produced by the four control groups continued to rise, but the rise was relatively flat. The cumulative inflammatory factors were not significantly different. Again, four treatment groups were compared with each other. The levels of inflammatory factors produced by the four LPS-stimulated groups increased significantly in the first week; then, the rise was flat, and the gap between the third group and fourth groups began to shrink in the fourth week. The TNF-α levels were slightly lower than IL-6 levels. The IL-1β levels were significantly lower overall than IL-6 and TNF-α levels, which may be related to the lower overall concentration and IL-1β factor itself.
The levels of inflammatory factors in the chronic inflammation model were slightly higher than those in the acute inflammation model. Gene expression of IL6, TNFA, and IL1B was consistent with the ELISA results (Fig 2E-2G) . The mRNA and protein levels of TLR2 and TLR4, LPS receptors (Fig 2H and 2I) , were consistent (Fig 2J) . They were significantly different from those in the control group, although the difference was less pronounced in the fourth week. Therefore, 4-week stimulation of adipose stem cells with 1 μg/mL LPS was considered to be the optimal chronic inflammation model.
A set of the same miRNAs are differentially expressed in the acute and chronic inflammation models Total RNA was extracted from cells of the treatment and control groups in both models, and miRNA microarray analysis was performed. Consequently, we identified 676 differentially expressed miRNAs in the acute inflammation model and 678 differentially expressed miRNAs in the chronic inflammation model, compared with the untreated control groups. When the screening parameters were set as at least 2 FC and p � 0.05, 36 miRNAs were differentially expressed in the acute inflammation model, including 26 up-regulated miRNAs and 10 downregulated miRNAs (Table 4 ). For these same parameters, 26 miRNAs were differentially expressed in the chronic inflammation model, including 24 up-regulated miRNAs and two down-regulated miRNAs (Table 5) . We selected 11 overlapping differentially expressed miRNAs from among the 36 differentially expressed miRNAs in the acute inflammation model and 26 differentially expressed miRNAs in the chronic inflammation model for further analysis. These were miR-223-3P, miR-2909, miRNA-126-3P, miRNA-126-5P, miR-96-5p, miR133a-3p, miR-141-3p, miR-150-3p, miR-200c-3p, miR-3591-3p, and miR-4483.
RNA sequencing revealed unique signaling pathways in the acute and chronic inflammation models
Among the 11 selected miRNAs, eight miRNAs with statistically significant differences in expression levels compared with the control group were selected for verification by qPCR. As miRNAs in LPS-mediated inflammation in adipose stem cells shown, miR-126-3p, miR-126-5p, miR-96-5p, miR-141-3p, miR-133a-3p, and miR-150-3p were significantly up-regulated in the acute and chronic inflammatory models, whereas miR-223-3p and miR-2909 were mainly down-regulated in the two models. The qPCR data essentially confirmed the reliability of the microarray data (Fig 3) . Each miRNA could target thousands of genes. Hence, we used the four most commonly used target gene prediction programs (Target Scan, CLIP-Seq, miRDB, and miRanda) for Venn diagram aggregation analysis. As an example, all four programs predicted the same miRNAs in LPS-mediated inflammation in adipose stem cells target genes (two target genes) for miR-126-3p, which indicated that miR-126-3p most probably bound these two target genes. Similarly, the four programs predicted 62 common target genes for miR-223-3p; Other as shown in (Fig 4) . Further, the total RNA from the acute inflammation model cells and the chronic inflammation model cells, and untreated controls was analyzed by microarray analysis. Hierarchical clustering analysis revealed that the microarray data for the treatment and untreated groups were uniform and reliable (Fig 5A) .
The biological functions and signaling pathways of the predicted target genes of differentially expressed miRNAs (676 differentially expressed miRNAs in the acute inflammation model and 678 differentially expressed miRNAs in the chronic inflammation model) were further identified by enrichment analysis. Many of the detected differentially expressed miRNAs were involved in a variety of biological processes, including cellular immunity, inflammatory responses, cytokine production, and apoptosis. GO analysis of the predicted target genes of differentially expressed miRNAs indicated that the affected biological processes in acute and chronic inflammation models were mainly involved in positive transcriptional regulation and protein binding as the main molecular function and that the target genes mainly encode cytoplasmic cellular components (Fig 5B and 5C ). The top 15 distinct enrichment signaling pathways ranked by the -log 10 (p) value and identified by pathway analysis are shown in the two models. A large number of overlapping signaling pathways was identified in the acute and chronic model cells. They included long-term potentiation, proteoglycans in cancer, the cGMP-PKG signaling pathway, the ErbB signaling pathway, pathways in cancer, circadian entrainment, and the Hippo signaling pathway. However, the top signaling pathways in the two models were different: long-term potentiation was the top pathway in the acute inflammation model, and transcriptional misregulation was the top (Fig 5D and 5E) . (Fig 6B) . Similarly, miR-223-3p mimic and miR-223-3p inhibitor, and the corresponding NC molecule were introduced into adipose stem cells, following which the expression of STAT3 gene was evaluated by qPCR. STAT3 protein levels were analyzed by western blotting. The differences in STAT3 mRNA and protein levels in the presence of miR-223-3p mimic and in control cells were statistically significant (Fig 6C and 6D) . The same approach demonstrated that miR-223-3p targeted IL6 (Fig  6E-6H ) and miR-2909 targeted KLF4 (Fig 6I-6L) .
The predicted binding site of STAT3 to TLR4 gene promoter is shown in S1A Fig Compared with the combination of pLVX-STAT3-IRES-Puro and the empty plasmid pGL3-Basic without TLR4, and the combination of PGL3-TLR4-P and the empty plasmid pLVX-IRE-S-Puro without STAT3, fluorescence was observed for the combination of the dual luciferase vector pLVX-STAT3-IRES-Puro with STAT3 and the dual luciferase vector PGL3-TLR4-P with TLR4 (S1B Fig). STAT3 and empty plasmids without STAT3 were also used to transfect adipose stem cells. We found that TLR4 mRNA and protein levels were elevated in cells overexpressing STAT3, and the difference in expression was statistically significant compared with the control (S1C and S1D Fig) . The same method was used to validate the STAT3 targeting of the TLR2 gene promoter (S1E-S1H Fig). LPS induces STAT3 mRNA and protein levels in adipose stem cells, and promotes STAT3 protein phosphorylation, while miR-223-3p regulates STAT3 mRNA
Transfecting adipose stem cells with miR-223-3p mimics and controls, and miR-223-3p inhibitors and inhibitor controls revealed that LPS significantly enhanced the protein levels of IL-6, TNF-α, and IL-1β in culture supernatants of the acute inflammation model (Fig 7A-7C) . LPS also significantly up-regulated IL6, TNFA, IL1B, TLR4, TLR2, and STAT3 mRNA levels (Fig 7D-7F and 7H-7J) , while significantly down-regulating miR-223-3p levels ( Fig  7G) . Further, LPS significantly up-regulated TLR4 and TLR2 protein levels (Fig 7K) . On the other hand, miR-223-3p mimics significantly up-regulated the miR-223-3p levels, and significantly down-regulated IL6, TNFA, IL1B, TLR4, and TLR2 mRNA levels (Fig 7D-7F, 7I and 7J). The levels of IL-6, TNF-α, and IL-1β in the culture supernatant were significantly reduced (Fig 7A-7C) . The reduction of IL-1β levels was not as pronounced as that of IL-6 and TNF-α, indicating that miR-223-3p mimics inhibited the secretion of IL-6, TNF-α, and IL-1β. However, the miR-223-3p inhibitor did not significantly affect the mRNA levels of IL6, TNFA, and IL1B, and cytokine secretion (Fig 7A-7F) , indicating that miR-223-3p expression was blocked at the transcriptional level. In addition, miR-223-3p mimics significantly down-regulated STAT3 mRNA and protein levels (Fig 7H and 7K) , consistent with the results of the dual luciferase assay for miR-223-3p targeting the STAT3 gene. Further, miR-223-3p mimics also down-regulated the levels of phosphorylated STAT3. Of note, miR-223-3p inhibitor up-regulated the levels of phosphorylated STAT3, suggesting that miR-223-3p inhibited STAT3 phosphorylation regardless of the presence of LPS. LPS promoted phosphorylation of STAT3 (Fig 7K) .
miR-223-3p directly regulates TLR2 and TLR4, and the secretion of inflammatory cytokines IL-6, TNF-α, and IL-1β
To confirm whether STAT3 directly regulated TLR2, TLR4, and the inflammatory cytokine genes IL6, TNFA, and IL1B, adipose stem cells were transfected with STAT3-specific siRNA. The experiment revealed that siRNA resulted in a significant reduction of STAT3 protein levels in the cells (Fig 8A) and inhibited mRNA and protein levels of TLR2, TLR4, IL-6, TNF-α, and IL-1β (Fig 8B-8J) . The degree of inhibition was lower than that of miR-223-3p mimic, which inhibited cytokine production (Fig 8B-8J) . When STAT3 siRNA and miR-223-3p were used simultaneously, they synergistically inhibited the expression of TLR2, TLR4, IL-6, TNF-α, and IL-1β at the mRNA and protein levels to a greater extent than either of the two molecules alone (Fig 8B-8J) . 
STAT3 promotes phosphorylation of STAT3 protein, and regulates TLR4 and TLR2 expression
STAT3 and p-STAT3 inhibitor were used to transfect adipose stem cells. The experiment revealed that LPS and STAT3 significantly up-regulated the mRNA and protein levels of STAT3, TLR4, TLR2, IL-6, TNF-α, and IL-1β (Fig 9A-9J) and that LPS and STAT3 acted synergistically. The additional presence of p-STAT3 inhibitor up-regulated STAT3 expression (Fig 9G) , probably because p-STAT3 inhibitor reduced the STAT3 phosphorylation pathway. However, no significant effect on the mRNA and protein levels of TLR4, TLR2, IL-6, TNF-α, and IL-1β was apparent. Even in the presence of LPS and STAT3 overexpression, the mRNA and protein levels of IL-6, TNF-α, IL-1β, TLR4, and TLR2 were not significantly different from those of the blank control group in the presence of p-STAT3 inhibitor (Fig 9A-9F, 9H and 9J). This indicated that p-STAT3 inhibitor blocked the regulation of STAT3 via the TLR2 and TLR4 signaling pathway. Perhaps, phosphorylation of STAT3 resulted in the activation of TLR2 and TLR4 promoters, and then initiated the signaling pathways, leading to the production of inflammatory factors. Similarly, analysis of protein levels revealed that STAT3 promotes STAT3 phosphorylation (Fig 9J) . Regardless of the presence or absence of LPS, STAT3 significantly up-regulated the mRNA and protein levels of TLR4 and TLR2, which was consistent with the results of the luciferase assay for STAT3 targeting the TLR4 and TLR2 promoters.
Treatment of adipose stem cells with IL-6, TNF-α, siIL-6, and siTNF-α affects the miR-223-3p, STAT3, and pSTAT3 levels IL-6 and siIL-6 were next used to transfect adipose stem cells. IL-6 alone significantly reduced the expression of miR-223-3p (Fig 10A) , compared with the decrease of miR-223-3p after cell stimulation with both LPS and IL-6. The degree of reduction was apparent: LPS-stimulated miR-223-3p reduction was observed, and IL-6 after LPS stimulation resulted in further (synergistic) reduction of miR-223-3p levels.
Further, miR-223-3p levels were enhanced by siIL-6 after LPS stimulation. It is possible that siIL-6 attenuated the LPS-induced significant reduction of miR-223-3p levels. After LPS stimulation, STAT3 levels were enhanced in the presence of IL-6 and siIL-6 (Fig 10B) . Some of these effects could be indirectly promoted by reducing the expression of mir-223-3p, and by TLR2 and TLR4, which targeted STAT3 after LPS stimulation. IL-6 significantly reduced the expression of miR-223-3p, which further increased the expression of STAT3. In addition, siIL-6 reduced the STAT3 levels by interfering with this process, but the interference was masked by LPS stimulation (Fig 10C) . Analysis of the STAT3 protein levels suggested that IL-6 promoted STAT3 phosphorylation (Fig 10D) . It has been previously shown that activated STAT3 binds directly to the IL6 promoter, and increases IL6 mRNA levels and protein secretion [30] . If that is the case, this could constitute a positive feedback loop, with IL-6 significantly reducing the expression of miR-223-3p, miR-223-3p inhibiting STAT3 inhibition, and STAT3 targeting TLR4 and TLR2 to promote IL-6 production.
TNF-α and siTNF-α were also used to transfect adipose stem cells. Indeed, TNF-α alone promoted the expression of miR-223-3p (Fig 10E) , and this ability counteracted the effect of LPS stimulation, leading to a reduction of miR-223-3p levels. In the case of stimulation by LPS and siTNF-α, the two molecules synergistically reduced miR-223-3p levels. In the case of LPS and TNF-α stimulation, LPS offset some of the effect of TNF-α on miR-223-3p levels. When TNF-α was added alone, the expression of STAT3 was significantly reduced (Fig 10F) . The STAT3 levels were increased in the presence of TNF-α and siTNF-α (Fig 10B) . Some of these effects may be indirectly promoted by the reduced expression of mir-223-3p, and some by TLR2 and TLR4, which target STAT3 upon stimulation by LPS. TNF-α significantly increased miR-223-3p levels, which further induced the expression of STAT3. Further, siTNF-α increased the STAT3 protein levels by interfering with this process, but this interference was masked by cell stimulation with LPS. This could create a negative feedback loop, with TNF-α significantly increasing the expression of miR-223-3p, miR-223-3p enhancing STAT3 inhibition, and decreasing the secretion of TNF-α via the TLR4/TLR2/NF-κB/STAT3 signaling pathway. TNF-α itself acts as a negative feedback factor. This is not the only example of TNF-α itself acting as a negative feedback factor. In the inflammatory microenvironment, TNF-α and other pro-inflammatory factors produced by macrophages can stimulate MSCs to secrete multifunctional anti-inflammatory TNF-α-induced protein gene-6 protein (TSG-6); TSG-6 down-regulates the activity of the NF-κB signaling pathway by interacting with CD44 receptor on the macrophage membrane, further down-regulating TNF-α, and forming a negative feedback loop [1] .
miR-2909 depends on NF-κB to target KLF4 to regulate IL-6, IL-1β, and TNF-α levels
The miR-2909 mimic and control, miR-2909 inhibitor and inhibitor control, and NF-κB inhibitor were next used to transfect adipose stem cells. We observed that LPS up-regulated the mRNA and protein levels of IL-6, TNF-α, and IL-1β ( Fig 11A-11F) ; down-regulated the expression of miR-2909 ( Fig 11G) ; and up-regulated the expression of NF-κB and KLF4 ( Fig  11H and 11I) . Regardless of the presence of LPS, miR-2909 mimics significantly up-regulated the expression of miR-2909, and down-regulated the mRNA and protein levels of IL-6, TNF-α, and IL-1β. Further, miR-2909 inhibitor down-regulated the expression of miR-2909 and up-regulated the mRNA and protein levels of IL-6, TNF-α, and IL-1β (Fig 11A-11F) . In addition, miR-2909 mimics significantly down-regulated the expression of KLF4, which was consistent with the results of the dual luciferase assays, verifying that miR-2909 mimics target KLF4. We also observed that miR-2909 mimics, miR-2909 inhibitor, and NF-κB inhibitor had little effect on the expression of NF-κB; however, in the presence of LPS, miR-2909 mimics and NF-κB inhibitors down-regulated NF-κB levels (Fig 11I) . NF-κB inhibitor had little effect on the expression of miR-2909 and KLF4, but it significantly down-regulated the expression of IL-6, TNF-α, and IL-1β, indicating that a signaling pathway downstream of LPS/TLR4/NF-κB could have been blocked by the NF-κB inhibitor (Fig 11A-11H ).
There are many states of NF-κB activation. We hypothesized that NF-κB activation is a phosphorylation state. Based on pNF-κB protein level, LPS promoted NF-κB phosphorylation (Fig 11J) . Hence, LPS significantly down-regulated the expression of miR-2909, and miR-2909 targeted KLF4, significantly up-regulating IL-6, TNF-α, and IL-1β expression, with the miR-2909 mimics and miR-2909 inhibitor having little effect on the expression of NF-κB and with LPS significantly inducing up-regulation of NF-κB, which together formed a positive feedback loop of inflammatory factor accumulation.
Discussion
In the current study, we successfully established an acute inflammation model and a chronic inflammation model of adipose stem cells. Using high-throughput miRNA microarray analysis and verifying the results by random qPCR, we identified miRNAs differentially expressed in both acute and chronic inflammation models. Of these, miR-223-3P and miR-2909 were selected for detailed analyses based on comprehensive high-throughput miRNA microarray analysis, GO enrichment analysis, pathway analysis prediction, Venn diagram analysis, and the available literature.
We found that in the adipose stem cells, miR-223-3p directly affects the expression of inflammatory cytokines IL-6, IL-1β, and TNF-α by targeting STAT3 via the TLR4/TLR2/NF-κB/STAT3 signaling pathway. In particular, direct targeting of IL-6 affected the expression of IL-6, and miR-223-3p also directly down-regulated TLR2 and TLR4. The increase of STAT3 protein levels was accompanied by an increase in p-STAT3 protein levels. A comparison of the effect of p-STAT3 inhibitor and STAT3 siRNA demonstrated that STAT3 in a phosphorylated state contributes to the TLR4/TLR2/NF-κB/STAT3 signaling pathway, which induces the production of inflammatory factors. LPS and IL-6 promoted STAT3 phosphorylation, while miR-223-3p and TNF-α inhibited STAT3 phosphorylation. On the one hand, LPS promoted the TLR4/TLR2/NF-κB/STAT3 signaling to produce the inflammatory cytokines IL-6, IL-1β, and TNF-α, while the STAT3 gene targeted the TLR4 and TLR2 gene promoters, which enhanced positive feedback regulation of the signaling pathway. On the other hand, both LPS and IL-6 significantly down-regulated the expression of miR-223-3p, consequently weakening the miR-223-3p inhibition of IL6 and STAT3. Increased levels of STAT3 further promoted the production of IL-6, creating a positive feedback loop. TNF-α significantly increased the expression of miR-223-3p, thereby enhancing the inhibitory activity of miR-223-3p on STAT3, which led to a negative feedback loop regulation of TNF-α secretion via the LPS/TLR2/TLR4/STAT3 signaling pathway. If KLF4 is required for miR-2909 regulation of IL-6 and TNF-α levels [5] , and increased expression of miR-2909 is always accompanied by an increased expression of IL6 and TNFA genes [27] (also in the adipose stem cells), then a balance is formed between miR-2909 targets KLF4 to reduce the expression of inflammatory factors, and miR-2909 directly targets inflammatory factor genes to increase the expression of inflammatory factors. LPS could significantly down-regulate the expression of miR-2909, and KLF4, IL-6, TNF-α, and IL-1β expression (negatively targeted by miR-2909) would be significantly up-regulated. At the same time, reduction of the expression of miR-2909 is accompanied by reduced expression of genes encoding pro-inflammatory cytokines. Hence, miR-2909 participates in two pathways leading to the expression of inflammatory factors. Some inflammatory pathways can be self-regulated via a negative feedback loop, and some sustain enhanced inflammation via a positive feedback loop.
Unlike other cells, the adipose stem cells do not proliferate upon LPS stimulation. This may be associated with the specificity of adipose stem cells themselves, or the fact that the stimulatory concentration of LPS is harmful to these cells. The chronic inflammatory model involving adipose stem cells mimics the rat chronic inflammation model. The latter has been established based on the histological manifestation of chronic inflammation in rats. The adipose stem cells in the models developed in the current study were cultured in vitro; however, they would be affected by various factors within the body in vivo. Further, the lifespan of human cells is different from that of rat cells. Hence, the chronic inflammation model involving adipose stem cells (in vitro) is preliminary. In the adipose stem cell inflammation model, the TNF-α concentration was slightly lower than that of IL-6. The concentration of IL-1β was significantly lower than that of IL-6 and TNF-α, which may be related to IL-1β factor itself, which is different from the conclusions of a study of macrophages, in which down-regulation of miR-223 was shown to promote the production of IL-6 and IL-1β but not that of TNF-α [20] . This effect may be cell-specific. LPS stimulation induces TLR4/TLR2 since TLR4/TLR2 are LPS receptors. The TLR4/TLR2/NF-κB/STAT3 signaling cascade has been studied, and it has been shown that activated STAT3 binds directly to the IL6 promoter and increases IL-6 mRNA levels and protein secretion [30] . No specific mechanisms for how STAT3 enhances the production of inflammatory factors TNF-α and IL-1β have been proposed as majority of the current research focus on gene regulation at the transcriptional level. IL-6 exerts its role via the signal transducer glycoprotein 130, leading to the activation of the Janus kinase/STAT and MAPK cascades [20] .
It is tempting to speculate whether another mechanism exists whereby TNF-α reduces the mRNA and protein levels of STAT3, i.e., one that does not involve miR-223-3p. No such specific mechanisms have been proposed to date. Of course, in addition to affecting the TLR4/ TLR2/NF-κB/STAT3 signaling pathway and directly affecting the levels of inflammatory factors, miR-223-3p may also impact the expression of inflammatory factors via other pathways, such as miR-223, which is highly expressed in the bone marrow cells and reportedly inhibits IL-6 by targeting the inflammatory body sensor NLRP3 [31] . Further, miR-223-3p may up-regulate the expression of IL-6 in synoviocytes by down-regulating the expression of IL-17 receptor D [32] . In addition, miR-223 affects IL-6 secretion in mast cells via the insulinlike growth factor 1 receptor/PI3K signaling pathway [22] . Moreover, a crosstalk or counterregulatory mechanism exists between the signaling pathways TLR4-MAPK/NF-κB and PI3K/ AKT, probably because administration of a TLR2 ligand increases phosphorylation of TLR2 and, subsequently, recruits the p85 subunit of PI3K, which results in PI3K/AKT activation. However, the mechanism of how TLR regulates the activation of the PI3K/AKT pathway has not been elucidated [33] .
Under certain conditions, autologous adipose stem cells have the potential to regenerate various tissues and organs and have changed the approach to treating human diseases. In the medical community, these cells are known as "universal cells". MSCs represent a promising cell-based therapy in regenerative medicine, and in the treatment of inflammatory and autoimmune diseases. Compared with the control group, intravenous infusion in healthy subjects who received intravenous LPS injection with human adipose MSCs led to increased fever when the cell dose was high [34] . It was also shown that these cells exert a mixed pro-inflammatory (enhanced IL-8 and nucleosome release) and anti-inflammatory effect (increased IL-10 and TGF-β release), enhance coagulation activation, and reduce fibrinolytic response [34] . MSC transplantation has also been explored as a method for the prevention and treatment of atherosclerotic plaque rupture in animal models [35] . Autologous MSCs can be safely injected intrathecally, transiently enhancing growth factor and anti-inflammatory cytokine levels in the cerebrospinal fluid. It has also been shown that stem cell transplantation is safe and well tolerated in amyotrophic lateral sclerosis [36] . Extracellular vesicles derived from the lung MSCs reduce the inflammatory characteristics of epithelial cells in the lung during cystic fibrosis [37] . MSC-derived exosomes exert immunomodulatory effects on type 1 (autoimmune) diabetes [38] . Furthermore, TNF signaling plays a key role in the role of MSCs in the treatment of autoimmune diseases and inflammatory diseases. Of course, these effects depend, to a large extent, on the time and concentration of the administered MSCs [39] . Upon transplantation, MSCs can inhibit the intestinal endotoxemia and liver inflammation via the LPS/TLR4 pathway, and improve chronic colitis-related hepatobiliary complications [40] .
Regardless of the above, successful employment of MSCs for clinical use requires greater understanding of MSC proliferation, differentiation, and migration, and the regulation of inflammatory factors in vitro and in vivo. How transplanted MSCs respond to the host, whether genetic variation between different individuals affects MSC function, and whether inflammatory factors can modify epigenetics and alter the expression of MSC signaling-related genes require further research. Continued progress in this area is likely to lead to the identification of new targets for more precise and effective treatment of autoimmune and inflammatory diseases. 
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